Introduction
The introduction of low levels of a dopant species into a material with an extended lattice can have very signi®cant effects on the physical properties of the compound without affecting its structure. Areas of interest include electronic properties, such as metal±insulator transitions (Alvarez et al., 1998) , lasing materials (Ikesue et al., 2000) , superconductivity [e.g. the rapid drop in T c on doping with Fe to replace Cu in YBCO (Balagurov et al., 1994) ], ferroelectric materials [e.g. Pb(Zr,Ti)O 3 phases (Carim et al., 1991) ], coloured materials (Kawai et al., 1998) , catalysts (Thangaraj et al., 1991) and phosphors (Kang et al., 1999) . The level of the dopant can be very small, ranging from a few percent to levels as low as 0.005% or less in some phosphor/lasing materials.
Given the important properties of such doped compounds, it is essential to be able to locate the position and distribution of the doped species accurately. However, in practice, such a task can be very dif®cult to achieve using conventional techniques. Spectroscopic methods, such as EXAFS (extended Xray absorption ®ne structure), NMR (nuclear magnetic resonance) and vibrational spectroscopy, can yield useful information but are of limited applicability and are often nonquantitative. For example, the methods may be constrained to certain elements (EXAFS, NMR) or the occupation of several different sites may be dif®cult to resolve (EXAFS, vibrational spectroscopy). X-ray diffraction techniques can be useful in locating a few percent of dopant if a large contrast in scattering power exists between the dopant and the element that it is replacing. However, as the dopant is often closely matched in size to the element that it is replacing, the two species are frequently of low scattering contrast. In such cases, neutrons can offer some prospect of differentiating the two species but the scattering contrast between the elements can be low and the technique commonly used for easily synthesized materials, powder diffraction, can have problems in producing accurate site occupancy factors as a result of correlation with other parameters such as thermal and background parameters.
One possible answer to this problem is to use the scatteringlength variations in isotopes to enhance the contrast and also overcome the correlations with other parameters. These correlations derive in part from problems in assigning diffracted beam intensity to speci®c re¯ections. This is a particular problem in powder diffraction data sets. It is clear that choosing an isotope that contrasts strongly with the element that is being replaced allows a more accurate level of the dopant to be determined. Furthermore, by using several different isotopes, it is possible to reduce greatly the correlation between parameters (thermal parameters remain unchanged as a function of isotope while extracted peak intensities do change appreciably depending on the scattering length of the isotope used) and also add further information through additional observables. In other words, by collecting data from a set of materials containing known but different scattering powers, it becomes possible to apportion intensity accurately to speci®c re¯ections contributing at any point in the diffraction pro®le. This is then re¯ected in more precise extracted structural parameters.
The use of isotopically substituted samples has one potential drawback. The cost of obtaining pure isotopes is very high and so sample sizes must be considerably reduced (generally less than 1 g). Traditionally, powder neutron diffraction has limitations related to the fundamental neutron scattering properties of many systems, coupled with relatively weak neutron count rates, leading to the requirement for large sample sizes, precluding detailed investigations using isotopically substituted samples. Recently, however, the advent of very high count rate neutron diffraction instrumentation, such as D20 at the ILL, GEM at ISIS and the planned instruments at the SNS at Oak Ridge, incorporating large detector areas, has meant that sample sizes can be reduced dramatically while maintaining good data statistics on a reasonable time scale. Thus, the use of isotopically substituted samples in Rietveld analysis of solid-state systems has become more of a viable proposition. We are currently examining structural systems that could bene®t from the use of isotopic substitution in complex Rietveld analysis.
Here we present a study of Ni x Mg 1Àx O (0.005 < x < 0.1) to demonstrate the power of the isotopic substitution technique in extracting site occupancies in an oxide system doped at low levels. It is also noteworthy that in the study of doped systems, relatively large samples can be obtained easily as a result of the small amount of dopant required. Therefore, a diffractometer with a very high count-rate was not required.
Experimental details
Polycrystalline samples of Ni x Mg 1Àx O were synthesized as follows. Stoichiometric quantities of high-purity Ni (99.95%, Aldrich; 99.85+% for isotopic samples, Trace Science International) and Mg metal (99.99%, Aldrich) were dissolved in dilute nitric acid. The solution formed was then evaporated to dryness on a hotplate and the solid decomposed at 523 K for 6 h. After grinding, the samples were ®red at 1273 K for 16 h and then repeatedly ®red at 1473 K, with intermittent regrinding, until the powder X-ray diffraction (PXD) patterns were unchanged. Because of the cost of the isotopes used, sample sizes were standardized at 1 g for 10% Ni doping through to 5 g for 0.5% Ni doping. In order to obtain identical experimental conditions, and thus identical samples, all of the samples at each doping level were ®red together.
PXD data for analysis of phase purity were collected using a Siemens D5000 diffractometer (Cu K radiation, ! = 1.54056 A Ê ) operating in re¯ection geometry. Powder neutron diffraction (PND) data were collected at ISIS using the highux medium-resolution instrument POLARIS and the backscattering bank (d-spacing range 0.3±3.2 A Ê , resolution Ád/d = 5 Â 10 À3 ) data used for Rietveld analysis using GSAS (Larson & Von Dreele, 1994) . The data were corrected for absorption effects, especially that of the 62 Ni doped samples, before Rietveld analysis.
Multiple-histogram (data-set) multiple-phase singlecrystallographic-model Rietveld analysis: a brief outline
The technique of multiple-histogram multiple-phase singlecrystallographic-model analysis that we have pioneered is an extension of one that is already used for complex Rietveld analysis, namely combined re®nements. In order to increase the number of observations, attempt to reduce correlation effects and provide scattering contrasts, combined neutron and X-ray Rietveld analysis has been carried out on several systems (Morris et al., 1992; Vitale et al., 1995; Yang et al., 1997). While this method has met with some success, its widespread use has not been apparent, possibly because of the fact that X-ray and neutron scattering measure different aspects of the structure and a single structure model often does not produce a high-quality ®t to both data sets.
In addition, anomalous scattering X-ray diffraction has been used to help determine the distribution of various atomic species in a system. In the speci®c example of Tl 2 Ba 2 CuO 6 (Att®eld, 1996) , the distribution of Tl, Ba, Cu and vacancies over several sites in the structure could be monitored. However, the scattering contrasts that can be achieved with anomalous X-ray scattering are small, typically <20%, and cannot be applied to many light elements. As such, accuracy in determining site occupancy factors, which needs high contrasts, is reduced.
In our technique, rather than use different sources (X-ray and neutron), or slightly different X-ray scattering powers, we use a single source (neutrons) with identical sample stoichiometries, but containing different isotope distributions, e.g. Ni as Zn, etc.) to allow the scattering lengths of the isotopically substituted atoms to be changed in each phase. This is required by GSAS as the program only allows a single neutron scattering length per atom type. At the same time, an identical crystallographic model between phases is retained through the use of hard constraints (e.g. U 11 of atom 1 in each phase is a single tied variable rather than several depending on the number of phases entered). As the samples are produced under identical conditions, the major peak-shape parameters (Gaussian and Lorentzian) are constrained to be identical between phases, although particle size, strain and broadening parameters are allowed to vary independently between phases.
Experimental model and refinement methodology
In this case, the structural model used was that determined previously for MgO (Schmahl & Eikerling, 1968) Ni, respectively. The single-sample-data-set re®nements were carried out with only two constraints: the total occupancy of the mixed Ni/ Mg sites set to be 1.0 and the thermal (displacement) parameters of the Ni/Mg sites necessarily set to be identical. The fractional occupancy was initially set to be zero on the Ni site. Background terms (4), scale factor (1), lattice parameter (1), peak-shape parameters (2), isotropic thermal parameters (2) and fractional occupancies of the Ni/Mg site (1) were allowed to vary (11 variables in total).
In the multiple-data-set single-model re®nement, each of the four data sets was entered with hard constraints on the isotropic thermal parameters of the Ni isotope/Mg sites, the fractional occupancies of the Ni isotope and Mg sites (such that the Ni sites were identical between phases and the total occupancy of the Ni/Mg sites remained 1.0), the lattice parameter and the peak shape. As with the single-data-set re®nements, the fractional occupancy of the Ni site was initially set at zero. In each of the four histograms, the background terms (4 parameters in 4 histograms), zero point (1 Â 4), sample displacement (1 Â 4) and scale factor (1 Â 4) were allowed to vary independently (28 variables); the lattice parameter (1), isotopic thermal parameters (2), peak-shape parameters (2) and fractional occupancy (1) were allowed to vary under the hard constraints described above, giving 34 variables in total. The number of structure rather than pro®le-dependent parameters was thus the same in single-and multihistogram re®nements.
Results and discussion
The results from the single-and multiple-data-set re®nements of the powder neutron diffraction data are summarized in Table 1 and plots of the fractional occupancies determined are given in Fig. 1 .
It can be seen from the lattice parameter data in Table 1 that the estimated standard uncertainties are in the ®fth decimal place and are smaller than the differences between individual data-set re®nements. However, while the lattice parameters seem to be determined to a high precision, the actual errors are much larger than derived from GSAS as a result of instrumental effects, which are dif®cult to model for a single data set. These effects include sample displacement and the exact sample temperature, which will vary between experiments. It was for these reasons that each histogram in the multiple-histogram re®nement was allowed separate zeropoint and sample-displacement parameters.
However, the main structural parameter precision does increase in the multiple-data-set re®nements compared with the single-data-set re®nements. This is also the case with the isotropic thermal parameters, where the precision from the multiple-data-set re®nements is much higher, as a result of the increased number of observations and particularly the reduction of parameter correlations. The extraction of precise and accurate anisotropic thermal parameters from powder neutron diffraction data using our technique is the subject of part II of this work, to be published at a later date (Henry et al., 2001) For both 58 Ni (Fig. 1a) and natural-abundance Ni (Fig. 1d) , which have scattering lengths larger than Mg, the re®ned Ni fractional occupancies were found to be very different to the true stoichiometry. Although the scattering-length contrast is large between either 58 Ni or natural-abundance Ni and Mg, the low doping level can be just as effectively modelled by a small increase in the site thermal parameter resulting in severe parameter correlation and explaining the observed results, even with short d-spacing data and a very simple system.
In the case of 60 Ni doping (Fig. 1b) , the re®ned Ni fractional occupancy shows the expected decrease with the compound stoichiometry, but both the re®ned values at low dopant levels are signi®cantly higher than the correct values and the associated errors are large. Even at 10% Ni doping, the re®ned occupancy of 0.118 (9) is outside two standard uncertainties of the experimental stoichiometry.
For 62 Ni (Fig. 1c) , the re®ned Ni values at higher doping levels are close to the actual stoichiometry. However, as the doping level decreases below 2%, the re®ned Ni doping level and the actual stoichiometry diverge substantially, even though the errors on the re®ned Ni fractional occupancies remain small (Fig. 1f ) . This is indicative of parameter correlation that, although present in all the re®nements, only becomes a signi®cant problem at doping levels below about 3%. Extrapolating the stoichiometric Ni occupancy to zero gives a re®ned occupancy of approximately 0.008, illustrating the divergence of the re®ned Ni occupancy from the stoichiometric value at low doping levels.
The multiple-Ni-isotope data-set re®nement results (Fig. 1e ) illustrate the advantage of the multi-sample multi-histogram analysis technique. At all doping levels, the re®ned Ni occupancies are identical to the stoichiometric Ni content to within 0.1% and the estimated standard uncertainties on the occupancies are also very low, the value quoted being the smallest value GSAS can output. Another feature to note is that extrapolation of the re®ned Ni values, performed using linear regression to zero Ni doping, intercepts the origin, which was not the case with any of the other sets of re®nements. At a doping level of 0.5%, the extra information provided by the use of multiple isotopes accurately determines the low doping level by greatly reducing parameter correlation in the re®ne-ment. Therefore, the technique can be used for quantitative analysis of dopant levels down to at least the level in this study, 0.5%, and probably to much lower levels.
A further series of re®nements was also carried out using different starting values of Ni and Mg fractional occupancies to investigate correlation effects and the effects of the starting model on the ®nal re®ned structure. The re®ned Ni fractional occupancies in the 58 Ni, natural-abundance Ni and 60
Ni were highly correlated with the starting Ni occupancy, whereas the Plots of the determined Ni occupancy against the experimental stoichiometry for each set of re®nements. Where error bars are not observed, the error on the Ni fractional occupancy is within the experimental point. In each case, a linear regression line is also plotted through the data points for reference.
lower Ni doping levels, to within one standard uncertainty, of that found with the initial Ni occupancy set at zero. However, only in the case of the multiple Ni isotope re®nements were identical results obtained irrespective of the starting Ni content, indicative of a very low level of parameter correlation, further supporting the validity of the technique.
Conclusions
Isotopic substitution and multiple-data-set multiple-phase single-crystallographic-model Rietveld analysis of powder neutron data is a powerful tool for the solid-state structural chemist. Using several different isotopically substituted samples, parameter correlation can be greatly reduced, allowing subtle structural features to be resolved.
In this case, the technique has been used to determine the level of Ni doping in the ternary system Ni x Mg 1Àx O accurately down to the 0.5% Ni doping level, much lower than is possible with single-data-set analysis. Comparison with single-data-set Rietveld analysis of the same system shows that a large-scattering-length contrast in a single-data-set powder neutron data Rietveld re®nement is not suf®cient for quantitative analysis at low doping levels, because of the correlation of thermal parameters and fractional occupancy, which is greatly reduced when multiple isotope re®nements are employed. The reduction in parameter correlation is manifested by the reproducible nature of the results, irrespective of the starting model of the re®nement, when multiple-data-set analysis is used, which is not found in single-data-set analysis. It is also thought that the technique could be used for accurate site-dependent quantitative analysis down to at least the 0.2% doping level.
